The DNA region encoding biphenyl dioxygenase, the first enzyme in the biphenyl-polychlorinated biphenyl degradation pathway of Pseudomonas species strain LB400, was sequenced. Six open reading frames were identified, four of which are homologous to the components of toluene dioxygenase from Pseudomonas putida Fl and have been named bphA, bphE, bphF, and bphG. From this comparison, biphenyl dioxygenase was found to be a multicomponent enzyme containing a two-subunit iron-sulfur protein, a ferredoxin, and a reductase.
Polychlorinated biphenyls (PCBs) are a group of manmade compounds composed of biphenyl molecules containing from 1 to 10 chlorines. Depending on the number and position of the chlorines, it is possible to produce 209 different PCB congeners. The vast majority of PCBs in the environment are derived from commercial mixtures (e.g., Aroclors) which contain 60 to 80 different congeners (24) . Bacteria able to degrade PCBs are relatively common; however, in most cases, these organisms have a narrow substrate specificity which allows them to degrade only a small number of lightly chlorinated PCBs (1, 3, 7, 10, 16, 26, 28) . Such strains are of limited usefulness for bioremediation as they are unable to degrade many of the congeners found in commercial PCB mixtures. Pseudomonas sp. strain LB400 is a potentially valuable organism as it is able to oxidize a wide variety of PCB congeners up to and including hexachlorobiphenyls (4) .
The major pathway for PCB and biphenyl degradation by strain LB400 is a four-step process initiated by the insertion of two atoms of oxygen at carbon positions 2 and 3 by biphenyl dioxygenase (a 2,3-dioxygenase). The resulting 2,3-dihydrodiol is then converted by dihydrodiol dehydrogenase to 2,3-dihydroxybiphenyl, which is transformed by 2,3-dihydroxybiphenyl dioxygenase to 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid via a meta-cleavage reaction. A hydrase reaction converts this compound to the corresponding benzoic acid (20) .
Unlike nearly all other PCB-degrading bacteria, LB400 also has a 3,4-dioxygenase activity resulting in the insertion of oxygen atoms at the 3 and 4 carbon positions. Thus far, this ability has only been demonstrated against 2,5,2',5'-tetrachlorobiphenyl, a congener with no unchlorinated 2,3 sites (20) . Since mutations which inactivate the 2,3-dioxygenase also eliminate 3,4-dioxygenase activity, it is possible that both originate from a single enzyme. Alternatively, it * Corresponding author. may be that these activities are due to different enzymes which are coregulated or that share subunits.
It has been demonstrated that differences in PCB congener specificity among bacteria reflect differences in the genes encoding their PCB-degrading enzymes (the bph genes). In a previous report, we have described the cloning and characterization of the bph genes from strain LB400 (19) . Southern hybridization experiments were used to test a variety of PCB-degrading bacteria for the presence of DNA sequences similar to any of the LB400 bph genes. No significant hybridization was detected to strains exhibiting congener specificity different from that of LB400 (30) . This suggests the existence of at least two analogous 2,3-dioxygenase pathways encoded by significantly different gene sets. A bacterium (Alcaligenes eutrophus H850) with PCB-degrading ability very similar to that of LB400 contained bph genes which hybridized strongly to those of LB400 (30) .
Biphenyl/PCB dioxygenase plays a critical role in PCB degradation by catalyzing the first step in the oxidative pathway and hence determining congener specificity. The exceptional activity of the biphenyl dioxygenase of strain LB400 has led us to study the structure and function of the genes encoding this enzyme. In this report, we describe the nucleotide sequence of these genes and their relationship to those of other dioxygenases. In addition, we used S1 nuclease mapping to examine the transcription of the biphenyl dioxygenase genes under a variety of conditions.
MATERUILS AND METHODS
Nucleotide sequencing. Two adjacent DNA fragments encompassing the biphenyl-PCB dioxygenase genes were submitted to LARK Sequencing Technologies, Dallas, Tex., for nucleotide sequencing. These were the 2.85-kb EcoRI fragment from pGEM453.1 and the 2.7-kb XmaI fragment of pGEM454 (19) . The 
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1401 CCGCCCTGCQAAGGGCAATGCAACGGAGACGTTAAATCATGAGTTCAGCAATCAAAGTGCAGGGAGCCCCTGTGAAGTGGGTTACCAATTGGACGCC 1500 
STRINGS for data base searching, GAP and BESTFIT for prepared by the hot-phenol extraction method of Salser et al.
sequence alignments, and PRETTY and PUBLISH for se- (25) . Cultures for the inoculum were grown to high density at quence presentation.
30°C in pseudomonas minimal medium (18) (21) and the toluene dioxygenase from Pseudomonas putida Fl (34) .
A partial ORF preceded by a ribosome-binding site is located 43 bp downstream of the termination codon of ORF 6. The partial nucleotide sequence of this region is virtually identical to that of the bphB gene (encoding biphenyl 2,3-dihydrodiol dehydrogenase) from Pseudomonas pseudoalcaligenes KE707 (8) . These data suggest that the 3' end of the biphenyl dioxygenase sequence is complete and that the sequence presented extends into the LB400 gene for dihydrodiol dehydrogenase. In addition, a sequence fragment from the biphenyl dioxygenase region of KF707 (9) matches the beginning of ORF 2 of LB400, with 58 of 60 nucleotides and 19 of 20 amino acids identical.
The GenBank and EMBL sequence data banks were searched for sequences similar to those of the biphenyl dioxygenase ORFs. This search identified the sequences for toluene dioxygenase from P. putida Fl (34) and benzene dioxygenase from a P. putida isolate (14) . The reported toluene and benzene dioxygenase sequences are essentially identical, with the exception of several frameshifts that may be the result of sequencing errors. Four of the OREs from the biphenyl dioxygenase region showed striking similarity to the genes encoding toluene dioxygenase subunits when the nucleotide and amino acid sequences were compared.
Characteristics of the genes and gene products and the percent identities of the amino acid and nucleotide comparisons of the biphenyl and toluene dioxygenase components are shown in Table 1 . Toluene dioxygenase in P. putida Fl has a relatively broad substrate specificity and is able to oxidize a wide variety of aromatic hydrocarbons (11, 33) . The enzyme has been well characterized and consists of a reductase, a ferredoxin, and a tetrameric iron-sulfur protein with two large and two small subunits (o2f2) (27, 31) . The coding regions of LB400 that correspond with the toluene dioxygenase components have been named bphA, bphE, bphF, and bphG. On the strength of the sequence comparisons, we propose that bphA and bphE are homologous to todCI and todC2 and encode the large and small subunits of the iron-sulfur component of biphenyl dioxygenase, respectively. bphF encodes the ferredoxin and bphG encodes the reductase, and they are homologous to todB and todA, respectively. The amino acid identities vary from 65.5% for the large iron-sulfur subunits to 52.1% for the reductases. Most of the predicted characteristics for these two enzymes are very similar, except for the charge and pl of the large iron-sulfur protein subunits and the reductases.
The alignment and comparison of the bph and tod amino acid sequences are shown in Fig. 2 has 38 of 48 (47 in TodB) residues conserved. Sequence conservation is lowest for BphG and TodA, and the amino acid identities are spread more evenly across the sequences. The most conserved region is from amino acids 148 to 184, with stretches of 18 and 16 identical residues separated by three nonidentical residues. Figure 3 is a representation of the similarities in the biphenyl and toluene dioxygenase DNA regions, with the shaded areas connecting homologous coding areas. The arrangements of the genes encoding the subunits of both dioxygenases are identical except for the presence of orf upstream of bphA and orfl between bphE and bphF. The nucleotide sequences of orfO and orfl do not correspond with other toluene dioxygenase sequences, although these regions are transcribed (see below). It is possible that one or both of these reading frames encode additional components of biphenyl dioxygenase, but this has yet to be demonstrated.
Transcription of biphenyl dioxygenase genes. S1 nuclease mapping studies were used to determine which ORFs were transcribed, to locate the RNA initiation sites, and to examine the effect of growth substrates on transcription. The RNA used in these experiments was extracted from LB400 cultures that had been grown on (Fig. 4) . Two (Fig. 4) .
To determine the location of the transcription start site p3, we probed RNA preparations with radiolabeled DdeI and BglII-EcoRI fragnents of 629 and 778 bp, respectively. An intense band corresponding to a protected fragment of approximately 600 nucleotides was obtained when the DdeI probe was hybridized with RNA extracted from biphenylgrown LB400 cells. A much weaker band of the same size was observed with RNA from LB400 grown on succinate.
Similar results were obtained with the BglII-EcoRI probe. The band intensity for a 260-nucleotide protected fragment was much greater when using RNA from biphenyl-grown versus succinate-grown cells. These data suggest that p3 is located approximately 95 bp upstream of the orfO initiation codon. Transcription from this promoter is induced (or derepressed) in the presence of biphenyl, since significant transcription from this site occurs only when LB400 is grown under these conditions. In addition to the signal from p3, Fig. 4 shows apparent full-length protection of the DdeI and BglII-EcoRI probes, suggesting RNA transcripts originating outside of the sequenced region. The difference in relative intensity of the full-length and cut-down signals for the two probes suggests that this is an artifact of the Si mapping technique. One such artifact, the formation of triplex structures (5) , involves the rehybridization of the displaced probe strand to the RNA-DNA hybrid molecule, causing full-length protection. Increasing the hybridization temperature to 500C greatly decreased this full-length protection. In addition, Si mapping experiments with a 255-bp DdeI probe fragment located within the sequenced region upstream of the 629-bp DdeI fragment showed no protection of the probe (data not shown). This indicates that there is no transcription coming into the bph region from upstream of the sequenced DNA.
Si nuclease mapping with 5'-labeled probes identifies the 5' ends of RNA molecules. These ends generally are the result of transcription initiation but can arise from posttranscriptional processing. To confirm that the RNA 5' ends at pl and p2 (bphA proximal) were due to promoter activity, we cloned the 263-bp Hinfl fragment and the 295-bp MspI fragment into a promoter-probe vector. The vector used was a modified pKOl plasmid (17) which contains the promoterless galK gene encoding galactokinase. Both fragnents showed promoter activity when cloned into the promoterprobe vector by complementing a galK mutation in the Escherichia coli host (data not shown). To confirm that the fragments have promoter activity in Pseudomonas species, they will be cloned into broad-host-range promoter probe vectors and tested in strain LB400.
DISCUSSION
The nucleotide sequence of the DNA region encoding the biphenyl dioxygenase of Pseudomonas species strain LB400 was determined. Six ORFs were identified, four of which were very similar to those encoding the components of toluene dioxygenase ofP. putida Fl. The corresponding bph and tod subunits showed amino acid identities ranging from 52.1 to 65.5% and nucleotide identities ranging from 57.3 to 67.6%. These data suggest that, like toluene dioxygenase, the LB400 biphenyl-PCB dioxygenase is a multicomponent enzyme made up of at least four different proteins. Based on the sequence comparison, the genes for these proteins have been designated bphA and bphE (large and small subunits of the iron-sulfur protein, respectively), bphF (ferredoxin), and bphG (reductase).
The enzymatic pathway for toluene and benzene degradation in P. putida Fl is similar to that for biphenyl and PCBs in LB400 (Fig. 5) . Additional dioxygenase in LB400 are encoded by the bphB and bphC genes. Portions of these genes have been sequenced ( Fig. 1 ; data not shown) and found to be nearly identical to the bphB and bphC genes in P. pseudoalcaligenes KF707 (8) . KF707 BphB and BphC show 58.1 and 54.6% amino acid identity with the corresponding TodD and TodE proteins. The structural homologies between bph and tod gene products are reflected in a limited functional similarity, as the toluene degradation enzymes are capable of degrading biphenyl and some mono-and dichlorobiphenyls to the corresponding dihydrodiols and catechols (11, 33) . It has yet to be determined whether the biphenyl/PCB degradation pathway is active against toluene or chlorotoluenes.
Homologous proteins generally show sequence conservation in regions necessary for structure or function. Since toluene dioxygenase is a well-characterized enzyme, it may be possible to identify areas involved in substrate oxidation.
Several regions with likely structure-function roles are shown in Fig. 6 . Recently, Neidle et al. (21) have reported the conservation of two cysteine-histidine pairs in TodCl and the large iron-sulfur protein subunits from a variety of other multicomponent dioxygenases. These cysteine-histidine pairs are also conserved in the BphA subunit and may bind a [2Fe-2S] center similar to the Rieske iron-sulfur proteins (12, 21, 23 these structures, and Hanukoglu and Gutfinger (13) have aligned multiple sequences to a proposed consensus sequence for NAD-FAD binding. The reductase subunits of biphenyl and toluene dioxygenase (BphG and TodA, respectively), as well as putidaredoxin reductase (CamA) (22) , each contain two regions matching the consensus sequence ( (22) . 6 ). These may represent the site of interaction of both the flavin moiety and the NADH electron donor.
Si nuclease mapping was used to identify transcription start sites in the region encoding biphenyl dioxygenase. Three such sites were identified, suggesting that biphenyl dioxygenase is transcribed from multiple promoters. Two of the sites, pl and p2, are located approximately 45 and 70 nucleotides upstream of the bphA4 start codon, respectively. The third 5' RNA end maps to approximately 95 bp upstream of the orf start codon at a site designated p3. While none of these sites strongly match the consensus sequences for E. coli promoters, the pl-p2 region shows promoter activity in E. coli.
It has previously been reported that PCB degradation by strain LB400 is greatest when the cells are grown with biphenyl as the sole source of carbon and energy. Growth of LB400 on succinate or a combination of succinate and biphenyl reduces PCB-degrading ability in general and completely eliminates activity against double-para-substituted congeners (19) . Our data indicate that transcription site p3 is much more active in biphenyl-grown cells than in those grown on succinate. The increased transcription of the bph genes from this site may account for the greater PCBdegrading ability of biphenyl-grown cells. Another possibility is that in the absence of biphenyl, little or no or0 gene product is formed because of a lack of transcription from p3. This product may affect the activity or congener specificity of biphenyl dioxygenase, allowing the enzyme to attack double-para-substituted PCBs.
We have no clear indication of a specific function for the orfi gene product, although the location of this gene within the bph cluster suggests that it is involved in PCB degradation. This is also supported by evidence that orfi is present in the bph cluster ofA. eutrophus H850, an organism which is similar to LB400 in PCB-degrading ability. Previous studies with DNA-DNA hybridization showed a strong conservation of restriction sites (16 of 16) between the bph regions of LB400 and H850 (30 with three components such as toluene, benzene, and naphthalene dioxygenase and those with two components such as the benzoate and toluate 1,2-dioxygenases. In the threecomponent systems, reducing equivalents are transported from NAD(P)H through a reductase and a ferredoxin to the terminal oxygenase, while in two-component enzymes, the reductase and ferredoxin activities are contained within a single polypeptide. It is apparent from the sequence comparisons that biphenyl dioxygenase is a three-component enzyme system, and we propose that its electron transport proceeds as shown in Fig. 7 . The high degree of sequence identity between the genes involved in biphenyl and toluene degradation shows that these pathways are closely related and illustrates how bacteria are developing systems capable of degrading xenobiotic compounds such as PCBs through modification of existing degradative pathways.
